We present a new Sv-velocity model of the upper mantle under East and Southeast Asia constrained by the inversion of seismic waveforms recorded by broad-band stations. Seismograms from earthquakes occurred between 1977 and 2012 are collected from about 4786 permanent and temporary stations in the region whenever and wherever available. Automated Multimode Inversion of surface and multiple-S waveforms is applied to extract structural information from the seismograms, in the form of linear equations with uncorrelated uncertainties. The equations are then solved for the seismic velocity perturbations in the crust and upper mantle with respect to a three-dimensional (3-D) reference model and a realistic crust. Major features of the lithosphere-asthenosphere system in East and Southeast Asia are identified in the resulting model. At lithospheric depth, low velocities can be seen beneath Tibet, whereas high velocities are found beneath cratonic regions, such as the Siberian, North China, Yangtze,) Tarim, and Dharwarand cratons. A number of microplates are mapped and the interaction with neighbouring plates is discussed. Slabs from the Pacific and Indian Oceans can be seen in the upper mantle. Passive marginal basins and subduction zones are also properly resolved.
I N T RO D U C T I O N
East Asia is one of the most tectonically active regions in the World. The region has a very complex surface topography, active crustal deformation and intensive seismic and volcanic activities. It is also a tectonically and geodynamically complex region. Displayed in Fig. 1 are several cratonic regions, such as the Siberian Craton (Priestley & Debayle 2003; Koulakov & Bushenkova 2010) , the North China Craton, which is one of the oldest cratons in the world (ca. 3800 Ma) and also referred to as the Sino-Korean Craton (Liu et al. 1992) , the Yangtze Craton (also known as the South China Craton), the Tarim Craton and the Dharwarand Craton. These cratonic regions have been strongly deformed by local and regional tectonics (He & Tsukuda 2003) .
The structure and tectonics of East Asia are affected by the interactions of five tectonic plates-the Eurasian, Pacific, Okhotsk, Philippine Sea and Indian plates (Metcalfe 2006; Zhao et al. 2011 )-and many mircoplates (Bird 2003) . In the eastern part, the Pacific and Philippine Sea plates are subducting beneath the Eurasian and Okhotsk plates, associated with the western Pacific volcanic arcs, island arcs and continental rift zones. There are also ongoing subductions of the Pacific, Philippine Sea and IndoAustralian plates beneath Eurasia (Karason & van der Hilst 2000; Rawlinson & Fishwick 2010) with eastward slab roll back. In the southwest, collision and post-collisional convergence of the Indian and Eurasian plates lead to the formation of high mountain belts (Himalaya) and the growth of the Tibetan Plateau eastwards. In addition to the main tectonic plates, numerous microplates, including Burma, Okinawa, Yangtze, Amur, Sonde, Timor, Caroline and Marianna plates (Bird 2003) , interact with each other, inducing more complexity to this system (Friederich 2003; He & Tsukuda 2003; Lebedev & Nolet 2003; Wei et al. 2012; Pandey et al. 2014; Chen et al. 2015) .
The first P-wave tomographic study was conducted by Aki et al. (1977) . Dziewonski et al. (1977) and Woodhouse & Dziewonski (1984) displayed large-scale anomalies in the region, such as high velocities in the oceanic regions and positive velocity anomalies beneath the Tibetan Plateau. Further studies by Bijwaard et al. (1998) and Zhao (2004) provided more details on the structures of the plates. High velocities are found in the cratonic regions (Siberia, East China, North China, Tarim, Yangtze and Indian cratons), whereas low velocities are found beneath the active volcanoes and the Pacific Ring of Fire.
Recent regional studies focusing on Asia (Wei et al. 2012; Pandey et al. 2014; Chen et al. 2015) or more specifically on Tibet (Liu et al. 2004; Yang et al. 2012; Pandey et al. 2015) provided increased resolution in imaging the seismic structure beneath Asia, which allows for improvements in the intermediate-scale geodynamical interpretations. Similar studies have been conducted for Sv-wave tomographic models with similar results on a global scale (Lebedev et al. 2005; Zhou et al. 2006; Kustowski et al. 2008; Lebedev & van der Hilst 2008; Khan et al. 2011 ) and on a regional scale with focus on Asia (Friederich 2003; Lebedev & Nolet 2003; Priestley et al. 2006; Obrebski et al. 2012; Wei et al. 2012) . More details on specific regions like Tibet have also been the subject of several local investigations (Bourjot & Romanowicz 1992; Yao et al. 2006; Zhang et al. 2011) . Lü et al. (2013) performed a tomography study of the uppermost mantle beneath the Sichuan-Yunnan basins with high resolution, but despite their lateral extent, they showed evidence for the subduction of the Indian Plate beneath Myanmar and Yunnan.
In this paper, we present the isotropic component of an azimuthally anisotropic model of the upper mantle below East and Southeast Asia, above the transition zone, resulting from the inversion of waveforms recorded at 4786 Asian broad-band stations by means of the Automated Multimode Inversion (AMI) method (Lebedev et al. 2005) . The inversion is global, so as to account for heterogeneities outside the region of interest.
S E I S M I C DATA A N D I N V E R S I O N

Seismic data
A special effort was made to gather an extensive collection of waveform records from broad-band stations located in East and Southeast Asia. The vertical component seismograms with a length of up to 4000 s of the HH (30-100 Hz), BH (20 Hz) and LH (1 Hz) channels were gathered from the data centres of IRIS (Incorporated Research Institutions for Seismology), GEOFON (GFZ Potsdam), ORFEUS (Observatories and Research Facilities for European Seismology), and KMA (Korea Meteorological Administration), as well as from the CNSN (China National Seismic Network, Zheng et al. 2010) , BATS (Broadband Array in Taiwan for Seismology, Kao et al. 1998) , NIED (National Research Institute for Earth Science and Disaster Prevention) and VSPSN (Vietnam Short-Period Seismic Network, Huang et al. 2013) . Locations of all 4786 stations are shown in Fig. 2 .
We collected records of all earthquakes occurring worldwide between 1977 and 2012, down to the magnitude of 4.0. A map of the epicentres is shown in Fig. 3 . In total, we collected about 12 million seismograms from 32 178 events. The actual number of seismograms entering the inversion and fitted by AMI is about 2.3 million seismograms because many data, in particular from smaller events at larger distances, display signal-to-noise ratios that are too low. This data set provided about 8 million linear equations to constrain our Sv-velocity model of the upper mantle under East and Southeast Asia.
Spatial coverage of the data set
During the initial waveform fitting step, time windows are identified for which an acceptable fit of the bandpass filtered seismograms can be obtained. Fig. 4 shows a compilation of all accepted time windows in a time-distance plot, with 'arrival times' estimated to be at the maxima of the signal envelopes within all selected time windows. Most of the time windows contain the fundamental-mode Rayleigh-wave train. S-wave arrivals split into direct S phases at shorter distances (up to 2500 km) and multiple S phases at longer distances.
The spatial distribution of the sensitivity of the data set to variations of seismic velocities at depth is controlled laterally by a combination of the path coverage, the available frequency range and the effective seismic phases (Lebedev et al. 2005; Lebedev & van der Hilst 2008; Schaeffer & Lebedev 2013) . A convenient measure for this sensitivity is the column sums of the matrix of linear constraints which integrate the sensitivities of all available data with respect to a single velocity grid knot of the three-dimensional (3-D) model (Legendre et al. 2012) . Therefore, according to the frequency content and the sensitivity kernels, it is possible to calculate the density of information provided by the data for each point at each depth. Fig. 5 shows horizontal cross-sections of this collective sensitivity measure, highest in Japan, China and towards Indonesia, dominated by the distribution of stations and seismic events. Most Figure 4 . Distribution of the arrival time windows that provided constraints for the inversion (i.e. the windows within which the waveforms were fit successfully) with respect to epicentral distance and wave type. Each dot marks the epicentral distance and the centre of the time window for the fundamental mode (red) or the higher modes (blue) wave trains. Solid grey curves show the predicted arrival times of the S and multiple S waves from a surface source; the dashed grey line in the lower-left corner shows the predicted arrival time of the S waves from a 660-km-deep source.
of the stations are located in the west (on land), and the earthquakes mostly occur in the subduction regions (the Pacific Ring of Fire). At shallow depths, the influence of the surface waves is dominant. At greater depths, however, the influence of the S and multiple S waves becomes more important. In northeast Asia, the amount of information for each knot is the highest, implying a higher resolution in this area (subject to the forward modelling and the sensitivity kernels being sufficiently accurate).
Automated Multimode Inversion
The AMI method was first described in detail by Lebedev et al. (2005) and Lebedev & van der Hilst (2008) . Here we used the latest implementation by Schaeffer & Lebedev (2013) to determine the shear-wave velocity structure in the upper mantle under East and Southeast Asia. AMI is based on the partitioned waveform inversion scheme (Nolet 1990 ) and consists of three steps.
In the first step, a non-linear waveform fitting is performed on individual seismograms, each constraining the structure along one source-receiver path. Each recorded seismogram is compared with its synthetic seismogram, computed with a path-average modal superposition approach. Data and synthetics are passed through a series of Gaussian bandpass filters and the misfit is evaluated in multiple time windows, including fundamental-mode surface waves and S as well as multiple S body waves. The misfit function for a specific window F i is defined as: where d i (t) and s i (t) are the observed and synthetic seismograms, respectively. The integrals are over the length of the time window [t 1i , t 2i ], w i (t) is a weighting function, and the factor f eq i equalizes the energy of the synthetic with that of the data.
(2) Any combination of the time window and frequency band for which the misfit exceeds a predefined level (5 per cent) is eliminated from the data set. To avoid chance fits, accepted fundamental-mode time windows must come from an uninterrupted series of Gaussian filters with increasing central frequency. This results in path specific linear constraints on 3-D Sv-and P-velocity structures.
In addition, we discard time-frequency windows with low signalto-noise ratios or windows recorded at near-nodal azimuths of the radiation pattern since they may contain significant scattered energy not modelled by the path-average modal superposition approach.
The non-linear waveform inversion of the signal in the accepted time-frequency windows provides an estimate of the average perturbation of shear wave velocity within the approximate sensitivity volume between the source and receiver, as a function of depth. It is parameterized using a linear combination of basis functions whose expansion coefficients are the final result of the first inversion step. 18 parameters are used for Sv velocity and 10 parameters for P velocity: the same shell of knots is used at all depths, with 18 parameters vertically for S velocity (knots at 7, 20, 36, 56, 80, 110, 150, 200, 260, 330, 410−, 410+, 485, 585, 660−, 660+, 809 and 1007 km depths) and 10 parameters for P velocity (knots at 7, 20, 36, 60, 90, 150, 240, 350, 485 and 585 km depths). The coefficients provide linear constraints on the 3-D velocity perturbations which can be expressed as integrals over kernels, determined primarily by the chosen basis functions. Once a discrete parameterization for the 3-D velocity distribution is chosen, these integrals can be converted to linear equations with uncorrelated uncertainties. Fig. 6 shows examples of the bandpass filtered waveforms and their synthetic counterparts before and after the non-linear inversion.
In the second step, the constraints from all available timefrequency windows from different source-receiver paths, formulated as linear equations, are collected into one large system of equations which is solved, subject to regularization, for 3-D Sv-and P-velocity perturbations using LSQR (Paige & Saunders 1982) . In the linear inversion, every point of the model is constrained by 18 parameters for S velocity and 10 parameters for P velocity. The numbers of parameters for each knot are the same in the linear inversion as in the waveform inversion for the path-average S-and P-velocity perturbations.
We calculated the phase velocity of every mode for every frequency and its derivatives with respect to S-and P-velocity perturbations (by means of sensitivity area in a 3-D reference model). The resulting perturbations of the 3-D model required to fit the waveforms were then linearized using these accurate derivatives (Schaeffer & Lebedev 2013) .
The initial phase velocities, C 0 m (ω), and their Fréchet derivatives are pre-computed for our 3-D reference model. For each sourcestation pair, they are averaged across approximate sensitivity kernels. The average phase-velocity perturbations, δC m (ω), are expressed as functions of the sensitivity-volume average perturbations in P and S velocity:
We regularize the inversion by introducing an elastic coupling between the S and P velocities which may be violated if purely determined by the data. This avoids the trade-offs between S-and P-velocity perturbations which cannot be resolved by shear and surface waveforms (Schaeffer & Lebedev 2013 ).
The equations obtained by the inversion of all the seismograms were then inverted for a 3-D model of shear (and compressional) velocities and azimuthal anisotropy within the crust and upper mantle. As a third step, the source-receiver paths with excessive deviations are eliminated from the data set and the 3-D inversion is repeated (Lebedev et al. 2005; Lebedev & van der Hilst 2008; Legendre et al. 2012; Schaeffer & Lebedev 2013) .
The result of an inversion strongly depends on the choice of an appropriate initial model (Dziewonski & Anderson 1981; Kennett et al. 1995; Rawlinson & Fishwick 2010) . The non-linear waveform inversions yield one-dimensional (1-D) path-average perturbations with respect to a global 3-D reference model. This initial reference model is composed of a 3-D global crustal model (CRUST2.0, Bassin et al. (2000) , smoothed near cell boundaries) and the 1-D reference Earth model AK135 (Kennett et al. 1995) re-evaluated at a reference period of 50 s (Lebedev et al. 2005) and accounted for anelastic dispersion (Liu et al. 1976) in the course of waveform inversions assuming the quality-factor (Q) profile from AK135 (Montagner & Kennett 1996) . The linear equations obtained from the processing of all the seismograms are inverted for seismic velocity perturbations relative to the same reference model. Therefore, we invert also for the crustal structure in addition to the upper-mantle structure. CRUST2.0 is used only to calculate initial synthetics that are subsequently fitted to the data. This implies that CRUST2.0 serves as a 3-D background model but is not used for crustal corrections (Panning et al. 2010) . The perturbations to this background model are large at depths shallower than 50 km; and uncertainties in the reference crustal model are unlikely to cause substantial errors in the 3-D model at depths larger than 50 km (Lebedev et al. 2005; Lebedev & van der Hilst 2008; Qin et al. 2008; Schaeffer & Lebedev 2013) .
The 3-D perturbations of seismic velocities are determined at the knots of a global triangular grid covering the Earth's surface with an approximately equal inter-knot spacing of 100 km. In order to perform the forward integration that relates the expansion coefficients of the path-specific, average velocity models to 3-D perturbations, we use a denser triangular grid, with knot spacing about one sixth of that of the inversion grid. The grid spacing in this study is set to 100 km for the inversion grid and 17 km for the forward denser one.
The 3-D inversion is regularized by horizontal and vertical smoothing as well as a slight norm damping. Although we show only isotropic perturbations of Sv-wave velocity, we allow azimuthal Svvelocity variations during the inversion, in order to avoid mapping anisotropy into the isotropic heterogeneities. The lateral smoothing penalizes the difference between the anomaly at a knot and the average over the anomalies at this and the six neighbouring knots. A minor contribution of norm damping component is thus also integrated in the smoothing term. The strength of the lateral smoothing may vary with depth to allow a flexible response to variations of path coverage with depth but as we focused on the upper-mantle structure only, the lateral variations of the smoothing are limited to a few percent between the continental and oceanic regions for each depth. In both cases, the strength of the smoothing coefficients decreases as a function of increasing depth, to prevent oversmoothing at greater depths due to reduced sampling there (fundamental-mode sensitivity is lower at greater depths). Path coverage is estimated from the sums over columns of the matrix of the equation system which represent the relative importance of a knot in the inversion. Vertical smoothing penalizes the difference of the anomaly at a knot and the average of its immediate neighbours above and below. Since in most practical cases the path coverage is irregular, we also identify similar paths and down-weight each of them during the inversion by a factor proportional to the number of paths similar to it. The similarity of the paths depends on the locations of the sources and receivers.
As described in Qin et al. (2008) and Legendre et al. (2012) , we conducted synthetic tests to check the reliability of the model. First, we performed resolution tests for all depths of the model to check if very small anomalies (both in size and amplitude) could be retrieved. As a test model we use a constant low-velocity anomaly (δV s = −40 m s −1 ) as a background and lineations of zero-velocity anomalies (δV s = 0 m s −1 ), as displayed in Fig. 7 . Those anomalies are very small (0.5 per cent) compared to the realistic velocity anomalies at similar depths (around 5 per cent), allowing to check the retrieval of small perturbations in the model.
The synthetic linear constraints are derived from this test model. An inversion to reconstruct the model from the synthetic linear constraints with the actual path coverage is performed by assuming a synthetic model and expanding it on the grid used in the inversion of real data. This results in a synthetic data vector, which is inverted using the same regularization scheme as that used for the inversion of the real data. This allows testing for both the reconstruction of the background, which should not be distorted or attenuated, and amplitudes, widths and locations of the anomalies should be correctly retrieved. The anomalies are placed at one depth, and we invert for all depth, to check the vertical smearing. Fig. 7 demonstrates that the input pattern is properly retrieved in the upper mantle (330 km and above). Small-scale anomalies are retrieved in most continental regions where the sensitivity is high (Fig. 5) . In the oceanic regions and regions with less coverage, the small-scale anomalies cannot be recovered properly. Lebedev et al. (1997) performed a waveform inversion on a smaller data set from the Philippine Sea region using various earthquake locations and origin times (from both NEIC and Harvard CMT source parameters). Despite variations in the location and source mechanisms in both catalogues, variations in the final inversion were small. The possible effects of diffraction were tested numerically using the Spectral Element Method (Komatitsch & Vilotte 1998; Komatitsch & Tromp 1999) and AMI (Lebedev & van der Hilst 2008; Qin et al. 2008) . The accurate recovery of anomalies was mostly influenced by the data coverage. These previous tests suggest that the effect of errors in the data is limited if the data sampling is sufficiently dense, which is the case in this study (Fig. 5) .
T O M O G R A P H Y R E S U LT
Our 3-D model for Sv-wave velocity perturbations in the upper mantle under East and Southeast Asia obtained by AMI (Lebedev et al. 2005; Lebedev & van der Hilst 2008; Schaeffer & Lebedev 2013 ) is displayed in Fig. 8 for the map views and Fig. 9 for the vertical cross-sections. In this paper, we present the isotropic component of an azimuthally anisotropic model, which included highly smoothed 2ψ terms to reduce errors resulting from tradeoffs between isotropic and anisotropic heterogeneity. At the depth of 80 km (Fig. 8a) , the dominant feature of this model is a negative velocity anomaly beneath the Tibetan Plateau (velocity perturbations up to −12 per cent). High velocities are generally found beneath the cratonic regions (Siberian, North China, Yangtze, Tarim and Dharwarand cratons), whereas the oceanic regions (Philippine, East China and South China seas as well as beneath the Sea of Japan and Sea of Okhotsk) display slower velocities. At this depth, the Pacific Plate mostly displays high velocities (a few percent), with some small-scale slow-velocity heterogeneities (a few percent in amplitude).
At intermediate depths ( It is important to note that at depths greater than 260 km, the path coverage is dramatically reduced (Fig. 5 ) compared to the coverage at depths shallower than 200 km. This comes from the influence of the numerous surface waves sampling the shallower part of the model, whereas the deeper part of the model is mostly constrained by multiple S waveforms. The resolution at depths greater than 260 km is therefore poorer except for regions with many stations or earthquakes (eastern China, Japan and Indonesia). At depths greater than 200 km, high velocities (up to +2 per cent) are mostly found beneath the subduction zones (Indonesia, Japan and Philippines). Beneath the North China Craton, high velocities are seen at 200 km depth, but at 330 km depth, low velocities are present. 
D I S C U S S I O N
In discussing our tomography result, displayed in Figs 8 and 9, we focus on the main, well resolved features of our model, with emphasis on their relation to the tectonic processes in this region.
Comparison with previous studies
Recent regional studies focusing on Asia (Wei et al. 2012; Pandey et al. 2014; Chen et al. 2015) or more specifically on Tibet (Liu et al. 2004; Yang et al. 2012; Pandey et al. 2015) provided increased resolution in imaging the seismic structure beneath Asia, which allows for improvements in the intermediate-scale geodynamical interpretations. Our model is in agreement with the recent studies, showing velocity anomalies that follows the Plate Boundaries by Bird (2003) as well as the tectonic units in the region.
Similar studies have also been conducted for Sv-wave tomographic models with similar results on a global scale (Lebedev et al. 2005; Zhou et al. 2006; Kustowski et al. 2008; Lebedev & van der Hilst 2008; Khan et al. 2011) , and on a regional scale with emphasis on Asia (Friederich 2003; Lebedev & Nolet 2003; Priestley et al. 2006; Obrebski et al. 2012; Wei et al. 2012) . More details on specific regions like Tibet have also been the subject of several local investigations (Bourjot & Romanowicz 1992; Yao et al. 2006; Zhang et al. 2011) .
Compared to previous regional shear-wave speed models inverted from shear waves and/or surface waves (Priestley et al. 2006; Obrebski et al. 2012; Yang et al. 2012; Schaeffer & Lebedev 2013; Chen et al. 2015) , our model (Fig. 8) has sharper image in the upper mantle due to our denser data coverage. Except for Chen et al. (2015) who made use of data obtained from the CNSN (Zheng et al. 2010) , most of the other studies focused on permanent and regional networks. Compared to previous V s models, our model shows welldefined high-velocity and low-velocity anomaly patterns beneath continental East Asia. Robust features, such as the Yangtze Platform, the North China Craton and the Tibetan Plateau, show up in most models. However, their lateral extension varies due to different data coverage, and the resolution is different due to different data set and parameterization. Our model agrees with previous models (Priestley et al. 2006; Yang et al. 2012; Pandey et al. 2014; Chen et al. 2015) as well as with the tectonic features in the region.
However, low-velocity anomalies in our model are slightly weaker but more sharply confined within tectonic unit boundaries as beneath the Tibetan Plateau. The slabs in our model are also well resolved and confined in well-defined narrow high-velocity features, as in other models (Lekić & Romanowicz 2011a; Chen et al. 2015) .
Tibetan Plateau
In our resulting model in Figs 8 and 9, negative velocity perturbations down to 100 km depth (perturbations up to −12 per cent) are found in the Tibetan Plateau. This feature has already been detected in early global tomography studies (Woodhouse & Dziewonski 1984; Zhang & Tanimoto 1993) , and confirmed repeatedly by later, large-scale surface-wave studies Mégnin & Romanowicz 2000; Ritzwoller et al. 2002; Ritsema et al. 2004; Levshin et al. 2005; Shapiro et al. 2005; Panning & Romanowicz 2006; Priestley et al. 2006; Zhou et al. 2006; Peter et al. 2007; Lebedev & van der Hilst 2008; Panning et al. 2010; Lekić & Romanowicz 2011a,b; Pandey et al. 2014 Pandey et al. , 2015 Chen et al. 2015) . It has also been imaged by global body-wave studies (Bijwaard & Spakman 2000; Karason & van der Hilst 2000; Grand 2002; Gung et al. 2003; Simmons et al. 2010) .
The low velocities at relatively shallow depth (down to 80 km) are explained as the effect of the continental collision followed by the subduction of the Indian Plate beneath the Eurasian Plate, and therefore two crustal bodies are superimposed. The appearance of the low velocities is due to the presence of the subducted Indian crust at lithospheric depths.
At greater depth (110 and 150 km, respectively), high velocities (perturbations up to 6-8 per cent) are found beneath Tibet (Figs 8-10 ). This is caused by the thickening of the lithosphere due to the juxtaposition of the Eurasian and Indian crusts and the high elevation in the region. This has already been observed in previous studies with various methods at different scales (Bourjot & Romanowicz 1992; Liu et al. 2004; Yao et al. 2006; Zhang et al. 2011; Pandey et al. 2014; Chen et al. 2015) . At greater depths, the velocity perturbation doesn't exhibit any specific trend, indicating that the influence of the Tibetan orogeny is limited to the lithospheric part. The extrusion resulting from the Tibetan orogeny has an important impact on the tectonics of northern Vietnam, the Red River Shear Zone accommodating most of the deformation (Huang et al. 2013; Legendre et al. 2015) . This is also in agreement with our tomographic results at depths of 80 km, displaying a strong velocity contrast between both sides of the Red River Shear Zone.
Cratonic regions
Fast S-wave velocities down to 260 km depth (perturbations up to 4-8 per cent at shallow depths, decreasing with depth) are found in the region of the Yangtze Craton, as displayed in Figs 8(b)-(e) . This is consistent with other studies in cratonic areas from the lithosphere down to the Transition Zone (Chen 2009; Knapmeyer-Endrun et al. 2013) . These observations were confirmed by large-scale surfacewave and body-wave studies (Friederich 2003; Lebedev & Nolet 2003; Kustowski et al. 2008; Wei et al. 2012; Pandey et al. 2014; Chen et al. 2015) in east Asia. Regional and local studies provided more details in the shape and vertical extent of this craton by bodywave tomography (Li et al. 2006; Huang & Zhao 2006) , surfacewave tomography (Wu & Levshin 1994; Yanovskaya et al. 2000; Okabe et al. 2004; Yao et al. 2008; Zheng et al. 2008; Pandey et al. 2015) as well as by ambient noise tomography (Zheng et al. 2008 (Zheng et al. , 2011 and Rayleigh wave dispersion analysis (Tang & Chen 2008; Legendre et al. 2014b ).
An east-west boundary within the Yangtze Craton is also visible in our model at 80-and 150-km depth (Fig. 10) . It fits nicely with the limit between Northern and Southern China Tectonic Provinces proposed by He & Tsukuda (2003) . Koulakov & Bushenkova (2010) revealed the structure of the Siberian Craton by P-wave tomographic inversion. Our results (Fig. 8 ) are in agreement with high velocities observed (perturbations up to 4-6 per cent) down to 200 km, indicating a relatively thick lithosphere beneath the Siberian Craton.
The Tarim Craton is barely observed by global studies, due to its small lateral extent. However, our model displays high velocities beneath its location down to 150 km, indicating that the cratonic structure and a deep root extension have not been totally destroyed by the stress induced by the neighbouring Tibetan Plateau. This craton is not well studied compared to NCC or Tibet, most of the observations of this craton are made by local tomographic studies beneath Tibet (Huang & Zhao 2006; Li et al. 2006) , or larger scale studies (Friederich 2003; Lebedev & Nolet 2003; Kustowski et al. 2008; Wei et al. 2012; Pandey et al. 2014; Chen et al. 2015) .
North China Craton (NCC) does not display high velocities at greater depth, in contradiction with previous studies (Liu et al. 1992; Chen 2009 Chen , 2010 Santosh et al. 2010; Jiang et al. 2012) . High velocities are found at 80 km (a few percent) but vanishes below 110 km in our model. This could be the results of an intense deformation of the craton by active faulting, and an erosion of its root by the proximity of the passive margin. This results in an absence of lithospheric mantle beneath the NCC, already observed in previous tomographic studies (Tang & Chen 2008; Zhang et al. 2011; Legendre et al. 2014b; Pandey et al. 2015) . Our observation seems to be confirmed by lithospheric thickness analyses (An & Shi 2006) as well as by local tomographic studies (Zhang et al. 2011) and by interstations measurements (Tang & Chen 2008; Legendre et al. 2014b) .
Passive margins
Between the trench systems in Sumatra, Malaysia, Philippines (magmatic arc) and Japan, many backarc basins evolved in very different ways due to their respective orientation, geology and morphology.
In the Sea of Okhotsk, low velocities (perturbations up to −2 per cent) are found. This passive margin is the border between the Siberian Craton (Koulakov & Bushenkova 2010) and the Japan Trench. The low velocities are almost continuous between the Sea of Okhotsk, the Sea of Japan and the South China Sea at shallow depths of 80 and 110 km (Figs 8 and 10 ). Beneath the East China Sea, however, there is a clear dichotomy between high velocities in the northern part of the sea and low velocities in its southern part. This confirms previous results of Legendre et al. (2014a) that imaged the deformation of the crust and lithosphere beneath the East China Sea using interstation measurements of surface-wave dispersion. The locations of the anomalies are consistent with their results for the lithosphere at periods of 50 s and longer. Below 150 km, high velocities are imaged, probably because the influence of the magmatic creation is weaker at this depth, and the asthenosphere is less affected by fluids or melt material, but more influenced by the proximity of the subducting slab.
Beneath the West Philippine Basin (Fig. 9) , however, slow to very low velocities (perturbations down to −4 to −6 per cent) are found to 200-km depth with maximum anomalies at 150-km depth (−6 per cent). The most striking feature observed in the Philippine Sea is the difference at 80-km depth (Figs 8) between its eastern part, displaying high velocities, whereas low velocities are found in its western part. This can be explained by the nature of the plate itself, that is, an oceanic plate affected by the back-arc. Unlike the seas discussed previously which are continental passive margins, the Philippine Sea Plate is an oceanic plate subducting under the Eurasian Plate in the west and being subducted in the east by the Pacific Plate (Figs 9 and 10) as described by He & Tsukuda (2003) .
Oceanic regions and subduction zones
At 80-km depth, the Pacific Plate is characterized by highvelocity anomalies (2 per cent) but with low-velocity perturbations (−2 per cent) at small scale (a few hundreds of km). At 110-km depth, low velocities are found (−2 per cent) with some small scale anomalies (+2 per cent) that almost vanish at 150-km depth. The location of this velocity contrast around the Pacific Plate is consistent with the location of the sea-mount chain east of northern Marianna islands (Fig. 1) . In the Indian Ocean, similar features are present. Beneath Maldives Islands, high velocities (a few per cent) are found at shallow depths, in contrasts to the surrounding region that exhibits low velocities in the oceanic part (Fig. 8) .
In Fig. 10 , the locations of all the orogenic volcanoes are consistent with the distribution of velocity anomalies and the location of those volcanoes in our tomographic model at shallow depth (80 km), where low velocities are found, indicating the robustness of the model. Those volcanoes are almost exclusively found along the passive margins and at the boundary between the high and low velocities.
In the western border of the Pacific Plate, subduction of the Pacific Plate, beneath the Eurasian and Philippine Sea plates occurs. The Philippine Sea Plate is also subducted beneath the Eurasian Plate, and the Sunda Plate (South China Sea) subducts beneath the Philippine Sea Plate (Socquet et al. 2006) .Those features are observed on Fig. 9 . In the southern part, the Indian Ocean is subducted beneath Sumatra and Myanmar (Sunda Plate).
Evidence of subducting slabs are found in the upper mantle, and migration of the slabs with depths can also be observed (Figs 9 and 10). At 80-km depth, the location of the volcanoes fits perfectly the boundary between the positive and negative velocity anomalies, whereas this boundary is shifted towards the southeast at 150-km depth.
Microplates
Due to their limited lateral extent, the micro-plates are generally observed only in local tomographic studies focused on specific regions. The number of seismic stations is generally small, limiting the path coverage (Fig. 5) , and therefore the possible resolution in the region.
However, beneath the Caroline Basin, Bismarck Basin and Banda Sea, low velocities are found at shallow depth (80 and 110 km), as displayed in Fig. 8 , but higher velocities are found below 200-km depth. The lateral extension of those anomalies at various depths is consistent with the location of some microplates (Caroline Basin, Bismarck Basin and Banda Sea). The presence of subducted material from the Pacific or surrounding oceanic lithosphere at depths greater than 110 km could indicate that the resolution of our model may be sufficient in the region to map some microplate boundaries.
CONCLUSION
In this study, a strong effort was made for the data collection. Waveforms are collected at 4786 permanent and temporary broad-band stations in East and Southeast Asia from 32 178 events worldwide for the time period between 1977 and 2012. The efficient AMI method is adopted for the inversion of a very large waveform data set. Our initial database was composed of more than 12 million seismograms that were processed. Rigorous quality checks and rejection criteria have led to a final collection of Rayleigh and S waveforms of about 2.3 million seismograms fitted by AMI that provided about 8 million linear equations that constrain our Sv-velocity model of the upper mantle under East and Southeast Asia.
At large scale, our model is in agreement with previous tomographic studies at global and regional scales. However, more details in some regions have been imaged here.
The morphology of the Tibetan Plateau and its extent at depth are properly mapped. The vertical extent of its lithosphere as well as other cratonic lithosphere could be imaged at depths greater than 200 km. Orogenic volcanism is almost exclusively found along the passive margins and at the boundary between the high and low velocities. The subducting oceanic lithosphere was imaged more precisely at various depths, and the pattern of the slabs and their vertical extent was discussed. Similarly, the boundaries between neighbouring oceanic plates (between Philippine and Pacific plates as well as with microplates) could be imaged accurately.
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